NMDA receptors (NMDARs) require the coagonists D-serine or glycine for their activation, but whether the identity of the coagonist could be synapse specific and developmentally regulated remains elusive. We therefore investigated the contribution of D-serine and glycine by recording NMDAR-mediated responses at hippocampal Schaffer collaterals (SC)-CA1 and medial perforant path-dentate gyrus (mPP-DG) synapses in juvenile and adult rats. Selective depletion of endogenous coagonists with enzymatic scavengers as well as pharmacological inhibition of endogenous D-amino acid oxidase activity revealed that D-serine is the preferred coagonist at SC-CA1 mature synapses, whereas, unexpectedly, glycine is mainly involved at mPP-DG synapses. Nevertheless, both coagonist functions are driven by the levels of synaptic activity as inferred by recording long-term potentiation generated at both connections. This regional compartmentalization in the coagonist identity is associated to different GluN1/GluN2A to GluN1/GluN2B subunit composition of synaptic NMDARs. During postnatal development, the replacement of GluN2B-by GluN2A-containing NMDARs at SC-CA1 synapses parallels a change in the identity of the coagonist from glycine to D-serine. In contrast, NMDARs subunit composition at mPP-DG synapses is not altered and glycine remains the main coagonist throughout postnatal development. Altogether, our observations disclose an unprecedented relationship in the identity of the coagonist not only with the GluN2 subunit composition at synaptic NMDARs but also with astrocyte activity in the developing and mature hippocampus that reconciles the complementary functions of D-serine and glycine in modulating NMDARs during the maturation of tripartite glutamatergic synapses.
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NMDA receptors | coagonist | synapse | developmental switch | hippocampus T he glutamate-gated N-methyl-D-aspartate receptors (NMDARs) play a critical role in structural and functional plasticity at synapses during postnatal brain development and in adulthood (1) and are therefore central to many cognitive functions such as learning and memory (2) . Disturbances of their functions have been associated to a broad range of neurological and psychiatric disorders (3) . NMDARs are heterotetramers typically composed of GluN1 and GluN2 subunits (3, 4) , and the precise subunit composition determines NMDAR functional and trafficking properties (3, 4) .
NMDARs are unique among neurotransmitter receptors because their activation requires the binding of both glutamate and a coagonist initially thought to be glycine (5, 6) . Nevertheless, subsequent studies have shown that D-serine synthesized by serine racemase (SR) (7) would be the preferred endogenous coagonist for synaptic NMDARs in many areas of the mature brain (8) , raising controversies about "where, when, and how" glycine and D-serine might regulate NMDARs at synapses in the brain. This controversy is highlighted by the recent findings showing that D-serine and glycine both released by neurons come into play to regulate synaptic NMDAR-dependent functions at the hippocampal Schaffer collateral (SC)-CA1 synapses of adult brain (9) , whereas others found no evidence for a function of glycine at this connection (10) . Possible explanations for the relative contribution of D-serine and glycine in gating mature NMDARs were recently given by two recent studies. First, it was shown at hippocampal SC-CA1 synapses that D-serine would target GluN1/GluN2A-containing NMDARs, which are preferentially present within the synapse, whereas glycine would rather target GluN1/GluN2B-containing NMDARs located extrasynaptically (10) . Second, it was proposed that the identity of the effective coagonist at synapses could depend on synaptic activity levels with tonic activation of NMDARs under low-activity conditions supported by ambient D-serine, whereas glycine will contribute in response to enhanced afferent activity (11) .
So far, most studies have explored the functions of D-serine vs. glycine at excitatory synapses in the adult brain or during aging Significance NMDA receptors (NMDARs) support patterning and activity of synapses throughout life and are central to many brain disorders. The NMDAR activation requires the concomitant binding of glutamate and a coagonist glycine or D-serine. To date, whether a preference for one coagonist at specific connections occurs remains unsolved. Here, we sought to determine when and where D-serine and glycine enter into play at hippocampal synapses. We demonstrate that the identity of the NMDAR coagonist is synapse specific and developmentally regulated. Remarkably, this segregation coincides with the subunit composition of postsynaptic NMDARs and the maturation of the tripartite synapse. These results point out the importance of the spatial and temporal switch in coagonist identity for therapeutic interventions aimed at treating deficits in NMDAR activity.
(8) where GluN2A-expressing NMDARs prevail (1). Intriguingly, the respective role of the coagonists during postnatal development awaits to be addressed. Considerable evidence indicates that the NMDAR composition at excitatory synapses undergo an experience-dependent developmental switch from primarily GluN2B to GluN2A subunits during the first 2 wk of maturation and refinement of cortical circuits in the postnatal brain (1, (12) (13) (14) . However, how this developmental switch is controlled is still elusive, and we do not know how it could be regulated or associated to the action of a preferred coagonist.
The present study aimed at investigating the relative synapse specificity and the time window at which D-serine and glycine enter in function to drive NMDAR activity of developing and mature excitatory synapses in the hippocampus. In particular, we sought to elucidate whether the preference for one of the two coagonists could be related to any of the GluN2 subtypes of NMDARs.
Results
The Nature of the Coagonist of Synaptic NMDARs Differs Between SC-CA1 and Medial Perforant Path-Dentate Gyrus Synapses in the Mature Brain. First, we characterized the respective role of endogenous D-serine and glycine at gating postsynaptic NMDARs in distinct area within the mature hippocampus. To this end, we exploited the use of specific enzymatic scavengers to probe the functions of D-serine and glycine. Application of Rhodotorula gracilis D-amino acid oxidase (RgDAAO) (0.2 U/mL) to specifically degrade D-serine substantially reduced by 83.7 ± 5.9% [F (1, 133) = 250.73; P < 0.0001; n = 6] NMDAR-mediated field excitatory postsynaptic potentials (NMDA-fEPSPs) recorded at SC-CA1 synapses ( Fig. 1 A and B) . These responses were only reduced by 35.5 ± 11.5% when endogenous glycine was degraded with a novel highly active variant of Bacillus subtilis glycine oxidase (BsGO) (0.2 U/mL) (15) [F (1,140) = 29.37; P < 0.0001; n = 7] (Fig. 1B) . RgDAAO or BsGO application did not affect the presynaptic fiber volley (PFV) (Fig. 1B) , arguing against an indirect effect on axonal excitability (10, 16) . We next investigated the contribution of the two coagonists at medial perforant pathdentate gyrus (mPP-DG) synapses ( Fig. 1 C and D) . Strikingly, application of RgDAAO at mPP-DG synapses reduced NMDA-fEPSPs but only by 25.5 ± 7.2% [F (1,98) = 9.76; P = 0.0023; n = 6], whereas depletion of glycine by BsGO application produced a more pronounced and consistent 59.9 ± 3.1% decrease [F (1, 70) = 76.63; P < 0.0001; n = 6] (Fig. 1D) . Inactive variants of RgDAAO and BsGO did not affect NMDA-fEPSPs.
These observations indicated that glycine rather than D-serine is the main endogenous coagonist of NMDARs at mPP-DG synapses, mirroring the situation observed in the CA1 area. This regional segregation could reflect difference in coagonist availability between CA1 and DG. However, neither HPLC analysis for quantifying D-serine (DG/CA1 ratio, 0.98; P > 0.05) and glycine (DG/CA1 ratio, 1.24; P > 0.05) levels nor Western blot analyses for evaluating SR expression revealed any difference between CA1 and DG areas (see Fig. 4 D and E, and Fig. S1 ), ruling out the possibility that the regional compartmentalization of D-serine vs. glycine functions is due to difference in the amino acid availability. and mPP-DG Synapse Activity. The synaptic activation of NMDARs under resting or low-activity conditions by either D-serine or glycine does not anticipate their functions at higher levels of synaptic activity as recently observed in the lateral amygdala (11) . We therefore investigated the identity of the coagonist in the activitydependent activation of NMDARs during long-term potentiation (LTP) induced by high-frequency stimulation at SC-CA1 and mPP-DG synapses. This protocol yielded a long-lasting enhancement of AMPA-fEPSP slope (Fig. 2) that was prevented by blocking NMDARs with the specific antagonist D-2-amino-5-phosphonovalerate (D-AP5) (80 μM) (Fig. S2) . As previously reported (10, 17, 18) , NMDAR-dependent LTP at SC-CA1 synapses was reduced when treating slices with RgDAAO [F (1,26) = 8.90; P = 0.006; n = 15] (Fig. 2 A and E) . Most interestingly, RgDAAO also abolished LTP at mPP-DG synapses [F (1, 22) = 34.7; P < 0.0001; n = 13] (Fig. 2 B and F) , although baseline neurotransmission assessed by input-output curves remained roughly the same under depletion of D-serine (Fig. 1D) as observed in SRdeficient (SR −/− ) mice (19) . On the other hand, degrading glycine by BsGO treatment also altered LTP at SC-CA1 synapses [F (1, 29) = 4.66; P = 0.039; n = 15] (Fig. 2 C and E) and fully occluded it at mPP-DG synapses [F (1, 20) = 10.67; P = 0.005; n = 11] (Fig. 2 D and F) . LTP impairment induced by RgDAAO or BsGO treatments were reversed when saturating exogenous glycine or D-serine was bath applied on top of the enzymatic scavengers ( Fig. 2 E and F, and Fig. S2 ), further demonstrating that the effects of the enzymes were a direct result of a decreased occupancy of the NMDAR glycine-binding site. These findings establish that both glycine and D-serine are necessary for synaptic plasticity at mature hippocampal synapses and therefore suggest that the contribution of the respective coagonists is regulated by synaptic activity levels at both hippocampal synapses. Plotted synaptic input-output curves for NMDA-fEPSPs were obtained in slices at 28-30°C of 2-to 3-mo-old rats at SC-CA1 (A and B) and mPP-DG synapses (C and D) by presynaptic stimulation of increasing intensity (0-300 μA) in control conditions (Ctrl, black symbols), or in the presence of either RgDAAO (blue symbols) or BsGO (red symbols). NMDA-fEPSPs slope (in millivolts per millisecond) was first normalized to presynaptic fiber volley (PFV) (in millivolts per millisecond) before plotting against stimulation intensity. For CA1 and DG, averaged NMDA-fEPSPs (gray trace) and their corresponding PFV are illustrated on Right. The superimposed black traces represent the averaged NMDA-fEPSPs recorded at 75% of maximal amplitude for each condition and in each area. **P < 0.01, ***P < 0.001 from control using two-way ANOVA. All values represent the mean ± SEM.
The GluN2 Subunit Composition of SC-CA1 and mPP-DG Synapses Is Different. D-Serine preferentially gates synaptic NMDARs at mature SC-CA1 synapses, whereas glycine favors mPP-DG excitatory synapses. This regional compartmentalization could be the consequence of different GluN2 subunit composition (20) that could favor a synaptic role for either D-serine or glycine (10) . We therefore characterized the respective contribution of these different receptor assemblies to synaptic responses using the GluN2B-NMDAR antagonist Ro25-6981 maleate (Ro25-6981) (21) and the GluN2A-NMDAR antagonist zinc (22) . We found that Ro25-6981 (2-4 μM) equally weakened NMDA-fEPSPs by 14.6 ± 3.6% (P = 0.0012; n = 15) at SC-CA1 synapses and by 14.7 ± 6.7% (P = 0.0107; n = 9) at mPP-DG synapses (Fig. 3) . Conversely, free zinc (250-750 nM) more consistently reduced by 33.9 ± 2.9% (P < 0.0001; n = 13) NMDA-fEPSPs at SC-CA1 synapses, whereas its effect was weaker at mPP-DG synapses (22.9 ± 4.0% decrease; P = 0.0004; n = 10) (Fig. 3) . Increasing the concentrations of Ro25-6981-4 μM and zinc to 750 nM, the maximal doses allowing their specific activity on GluN2B-or GluN2A-NMDARs, respectively (23), did not result in higher inhibition of NMDA-fEPSPs, showing that inhibition of GluN2A-and GluN2B-NMDARs was already maximal at lower concentrations. Interestingly, the GluN2A/GluN2B ratio obtained with each antagonist (Fig. 3 ) is lower at mPP-DG synapses (zinc/Ro25-6981; ratio, 1.55) in comparison with SC-CA1 synapses (zinc/ Ro25-6981; ratio, 2.32), revealing a stronger contribution of GluN2B-over GluN2A-NMDARs at mPP-DG compared with SC-CA1 synapses. This regional sensitivity revealed by specific subunit pharmacology concorded with the immunoblot analysis that showed a higher expression of GluN2B subunits in DG compared with CA1 ( Fig. 4 B and C, and Fig. S3 ). Overall, these results indicate that synaptic receptors are predominantly composed of GluN2A-NMDARs at SC-CA1 synapses, whereas GluN2B-NMDARs have a more predominant role at mPP-DG synapses. The different subunit composition between hippocampal synapses parallels their specific coagonist preference ( Fig. 1 ) that further suggests a correlation between the identity of the main coagonist and of the GluN2 subunit composition of synaptic NMDARs. (2) after the tetanus. (E and F) Bar graph illustrating the mean increase ± SEM in fEPSP slope averaged from 45 to 60 min after the conditioning stimulation at SC-CA1 (E) and mPP-DG (F) synapses in control slices, in slices pretreated with RgDAAO or BsGO and slices pretreated with RgDAAO or BsGO and supplied with either D-serine (100 μM) or glycine (500 μM). *P < 0.05, **P < 0.01, and ***P < 0.001 using one-way ANOVA.
The Nature of the Coagonist Coincides with the Developmental GluN2B-to-GluN2A Subunit Switch at SC-CA1 Synapses. Given the coagonist segregation at mature synapses, we wondered which coagonist could prevail at developing SC-CA1 synapses. Indeed, literature reports a developmental switch in subunit composition from primarily GluN2B-to GluN2A-containing NMDARs during the first 2-3 wk of postnatal maturation at those synapses (1, (12) (13) (14) . We therefore investigated the relative contribution of the two endogenous coagonists at gating NMDARs at SC-CA1 synapses in hippocampal slices obtained from rats at postnatal day 9 (P9) to P23 when the switch in GluN2 subunits occurs and in adults (P90). Ro25-6981 decreased the NMDA-fEPSPs by 34.0 ± 4.0% in animals at P9-P10 (P < 0.0001; n = 13), whereas zinc up to 750 nM had only a weak effect (17.1 ± 2.5%; P = 0.0027; n = 9) (Fig. 5A) . During postnatal development, the antagonist effect of Ro25-6981 progressively decreased, whereas the inhibition by zinc became more prominent, reaching significant respective maximal effects in adulthood (14.6 ± 3.6% inhibition for Ro25-6981, P = 0.0012, n = 15; 33.9 ± 2.9% inhibition for zinc, P < 0.0001, n = 13). This functional characterization of a progressive postnatal GluN2B-replacement by GluN2A-NMDARs (Fig. 5A ) was confirmed by quantitative immunoblot analysis of GluN1, GluN2A, and GluN2B subunits ( Fig. 4 B and C, and Fig. S3 ). Western blot analysis showed that the expression of GluN2A protein barely detectable at P9-P10 increased by nearly 10-and 18-fold in whole hippocampal and CA1 lysates (see also ref. 13 ), whereas GluN2B levels showed a moderate and opposite evolution (1.7-and 1.2-fold decrease), significantly rising the GluN2A/GluN2B ratio by ∼17-and 22-fold (P < 0.001; n = 7) across development. Although GluN2B and GluN2A are developmentally regulated, we found that GluN1 protein expression remained unaltered (Fig. 4B) .
To specify the nature of the coagonist acting at synaptic NMDARs in the developing CA1 area, enzymatic scavengers were applied on hippocampal slices from P9 to P90 rats (Fig.  5B) . Contrasting with the observed situation in adult animals, RgDAAO did not affect NMDA-fEPSPs in P9-P10 rats (2.0 ± 4.8% inhibition; P = 0.6543; n = 12), whereas responses were strongly reduced by 70.7 ± 4.2% when endogenous glycine was degraded with BsGO (P < 0.0001; n = 10) (Fig. 5B) . A significant inhibitory effect of RgDAAO on NMDA-fEPSPs was progressively detected during development, reaching ∼40% of control at P22-P23 (P = 0.0008; n = 5) and ∼83% at P90 (P = 0.0003; n = 6). In parallel, BsGO inhibitory action significantly diminished after P12-P14 (Fig. 5B) . Further analysis of maximal percentage inhibition comparing the effects of zinc and Ro25-6981 together with the effects of BsGO and RgDAAO revealed that D-serine is replacing glycine as the main endogenous coagonist of NMDARs at SC-CA1 synapses after completion of the first 3 wk of postnatal development (Fig. 5C ). It also revealed the existence of a time window during postnatal development (fourth week) when both glycine and D-serine might serve as coagonists for NMDARs because their depletion results in a ∼1:1 inhibition ratio of NMDA-fEPSPs. This progressive switch in the identity of the coagonist tightly paralleled the replacement of GluN2B-by GluN2A-NMDARs (Fig. 4C) .
Because the relative affinity and potency of glycine and D-serine for GluN2B-and GluN2A-NMDARs is roughly the same (24, 25), we performed HPLC analysis to check whether postnatal changes in coagonist availability could explain the coagonist and NMDAR subunit replacement. HPLC analysis from P10 and P90 hippocampal slices revealed that the levels of glycine are similar in pups and adults (−13% in adult; P > 0.05), whereas D-serine content increased by 96% over the same period (Fig. 4E) , rising significantly the D-serine/glycine ratio by 217% across development (D-serine/glycine ratio is 0.22 ± 0.02 and 0.47 ± 0.06 in young and adult animals, respectively; P < 0.001; n = 8-10 analyses), thus supporting the developmental switch of their functions. Nevertheless, quantitative Western blot analyses revealed that the expression of SR in the CA1 area did not change significantly during the same postnatal period (Fig. S1) , showing that the glycine to D-serine change is not explained by metabolic changes favoring D-serine.
Glycine Is the Main Coagonist at mPP-DG Synapse Throughout Postnatal
Development. We next investigated whether the switch of GluN2 subunit and of coagonist identity is a general property of hippocampal synapses by analyzing the developing mPP-DG synapses (Fig. 6 ). In line with the SC-CA1 synapses, the inhibitory effect of Ro25-6981 significantly decreased by 48.6% at mPP-DG synapses between P9-P10 and P90 (30.3 ± 5.5% and 14.7 ± 6.7%, respectively; P = 0.0001; n = 8-9). However, the effect of zinc remained stable over the same period (P = 0.3360; n = 8-10), increasing by 35% the specific contribution of GluN2A to the total GluN2A/GluN2B-dependent NMDA-fEPSPs (Fig. 6A) . In parallel, the contribution of D-serine increased as inferred by the greater inhibition observed with RgDAAO between P9-P10 and P90 (5.2 ± 4.2% and 30.2 ± 8.9%, respectively; P < 0.0001; n = 6), whereas the inhibition by BsGO was stable (Fig. 6B) . There is thus a concordance in the increasing role of GluN2A and D-serine during postnatal development of mPP-DG synapses, reminiscent of the situation at the SC-CA1 synapses. However, it has to be emphasized that, although the role of D-serine increases postnatally in DG, glycine remains the main endogenous coagonist of NMDARs from P9 to P90 at this location.
The functional analysis of NMDAR activity and coagonist identity were further strengthened by quantitative immunoblot and HPLC analysis. Although the ratio of GluN2A/GluN2B expression tended to increase, yet not significantly (Fig. 4 B  and C) , the ratio of D-serine/glycine rose by 148% from P10 to P90 (P < 0.05; n = 10-15) (Fig. 4E) . Both coagonist concentrations increased from neonatal period to adulthood. Nevertheless, the increase in D-serine concentration (∼340%) was more pronounced than the increase in glycine concentration (∼240%) (Fig. 4E) , explaining the expanding role of D-serine during development without taking over the role of glycine as the main NMDAR coagonist at mPP-DG synapses (Fig. 6) .
Contribution of DAAO to the Regional and Developmental Function of D-Serine. We further tested the apparent postnatal switch in coagonist preference at SC-CA1 synapses by a pharmacological approach aiming to target endogenous DAAO and determine (Fig. S4 A and B) . The preventing effect of RgDAAO is not due to the metabolism of CBIO by RgDAAO because CBIO is not a substrate for the recombinant enzyme (Fig. S4C) . Furthermore, CBIO failed to potentiate NMDA-fEPSPs in SR −/− mice, whereas it consistently . The histogram bars displayed the mean intensity ± SEM values in CA1 and DG at P10 and P90. *P < 0.05, **P < 0.01, and ***P < 0.001 using one-way ANOVA.
increased the field potentials in wild-type littermates (Fig. S4D) . Interestingly, CBIO only produced a slight although significant increase (14.6 ± 3.3%; P = 0.0045; n = 7) of NMDA-fEPSPs at mPP-DG synapses ( Fig. 7 A and B) in line with our experiments showing that D-serine was not the main endogenous coagonist of NMDARs at these synapses. Finally, we tested the effect of CBIO on NMDAfEPSPs at immature SC-CA1 synapses and found that the DAAO inhibitor did not affect the responses (1.5 ± 7.2%; P = 0.7992; n = 8) (Fig. 7 C and D) . Interestingly, DAAO is expressed early during postnatal development as reported earlier (28, 29) , and its expression is barely stable across postnatal development. Altogether, these results indicate that pharmacological inhibition of DAAO significantly impacts NMDAR only at ages when D-serine fulfills the role of the main coagonist and not when glycine predominates, confirming that the developmental switch in the nature of the main coagonist is not controlled by the metabolism of D-serine.
A Proper Astrocyte-Neuron Coupling Profiles the Identity of the
Coagonist at SC-CA1 Synapses. We next investigated the putative contribution of astrocyte-neuron coupling in the developmental switch from glycine to D-serine as the coagonist gating NMDARs at SC-CA1 synapses. Astrocytes are key partners for synaptic functions (30, 31) that tightly contribute to the metabolism and the synaptic disposition of D-serine and glycine and therefore their functions (11, 16, 32, 33) . We thus hypothesized that structural remodeling of astrocytes at synapses may be involved in this developmental switch by promoting the progressive supply of D-serine at synaptic sites and accelerating glycine clearance through GlyT1 transporters. We first functionally inactivated astrocytes by treating hippocampal slices with the gliotoxin, fluoroacetate (FAC) (5 mM) (16, 30, 34) . FAC decreased by 23.6 ± 8.4% NMDA-fEPSPs (P = 0.0312; n = 7) recorded at mature SC-CA1 synapses (Fig. 8A ) as previously reported (16, 30, 34) . Exogenously applied L-serine (200 μM) to silence the effects of FAC consistently rescued NMDA-fEPSPs to control value (108.6 ± 18.1%; P = 0.6680 vs. Ctrl; n = 6) (Fig. 8A) , showing that the function of NMDARs was not directly affected by the gliotoxin. Interestingly, FAC treatment in P9-P14 rats failed to impact NMDA-fEPSPs (108.4 ± 6.7%; P = 0.1616; n = 7), and application of L-serine never potentiated these responses (105.5 ± 5.6%; Inhibitory effect of RgDAAO (0.2 U/mL; blue symbols) and BsGO (0.2 U/mL; red symbols) between P9-P10 and P90. Corresponding average NMDA-fEPSP traces are represented on Right. ***P < 0.001 using Student t test. All values represent the mean ± SEM. P = 0.3972 vs. Ctrl; n = 6) (Fig. 8B) . The contribution of astrocytes was also evaluated by blocking the activity of GlyT1 transporters with N-[3-(4′-fluorophenyl)-3-(4′-phenylphenoxy)propyl]sarcosine hydrochloride (ALX5407) (10, 35, 36) . Interestingly, bath-applied ALX5407 (1 μM) induced a consistent potentiation of NMDAfEPSPs at mature SC-CA1 (52.6 ± 10.3%; P = 0.0035; n = 15) but not at juvenile synapses (5.8 ± 1.7%; P = 0.1065; n = 8) (Fig. 8 C  and D) . Finally, these data demonstrate that the presence of astrocyte at SC-CA1 mature synapses is essential to clear the synapse from glycine and ensure the accessibility of D-serine, thus emphasizing the role of astrocyte-neuron coupling in the developmental switch of NMDAR coagonist.
Discussion
Because proper occupation of the glycine-modulatory site by coagonists is an absolute condition for optimal NMDAR-related synaptic functions, this fundamental feature of the glutamatergic receptor has gained intensive interest, and this binding site is now seen as a primary therapeutic target for improving cognition and associated symptoms in psychiatric and neurological disorders including schizophrenia but also aging (19, 37, 38) . However, despite intensive research on the functions of D-serine and glycine at NMDARs, the time and place in which these endogenous coagonists are respectively engaged in modulating synapse activity remains elusive. In this study, selective enzymatic depletion of either endogenous D-serine or glycine as well as pharmacological inhibition of D-serine-degrading enzyme indicate that, although both amino acids are engaged at hippocampal connections during sustained synaptic activity as also observed in the lateral amygdala (11), D-serine is the preferred coagonist for NMDARs at mature SC-CA1 synapses, whereas unexpectedly this role is assumed by glycine at mPP-DG synapses under basal synaptic activity. This regional segregation in the preference of the coagonist identity is closely associated to a specific subtype of GluN1/GluN2A-and GluN1/GluN2B-containing synaptic NMDARs, as revealed by both electrophysiological recordings and by biochemical assays for protein expression. In addition, we reveal that the identity of the coagonist changes during postnatal development at SC-CA1 synapses from glycine in juvenile rats to D-serine in adults, and tightly parallels the described replacement of GluN2B-by GluN2A-NMDAR (1, 12-14) . Noteworthy, this developmental switch in GluN2B-to GluN2A-NMDARs and in the identity of the coagonist does not occur at mPP-DG synapses where glycine remains the main coagonist over D-serine throughout postnatal development. This latter observation is in concord with the moderate impairment of NMDAR-dependent activity of DG granule cells in SR −/− mice (19) . The onset when D-serine and glycine come into play during postnatal development is of particular interest because NMDARs play a critical role in the refinement and maturation of central synapses prevailing during postnatal development (39, 40) .
One possible explanation for the regional and temporal segregation of D-serine and glycine could be a differential NMDAR subunit composition at synapses. Indeed, D-serine was shown to bind NMDARs in brain areas where synapses are mainly formed of GluN2A-containing NMDARs, whereas glycine would target GluN2B-containing receptors (10, 16) . Accordingly, we found here that glycine is mainly concerned at synapses of DG and immature CA1 that have greater contribution of GluN2B compared with mature CA1 (see also ref. 20) . Conversely, D-serine is involved at synapses of mature CA1 where the contribution of GluN2A is greatly increased. The underlying molecular mechanisms for such preference are not known. It is most unlikely that NMDAR subtypes could discriminate between both amino acids because of better affinity. Indeed, although glycine has a ∼10-fold higher affinity for GluN2B-containing NMDARs, D-serine only displays a marginal preference for GluN2A-NMDARs (24, 25, 41) . Furthermore, D-serine and not glycine is the main coagonist in the supraoptic nucleus of the hypothalamus where synaptic NMDARs mainly contain the GluN2B subunit (42) . Additionally, it has to be mentioned that the amplitudes of enzymatic depletion of endogenous coagonists do not exactly match the amplitudes of pharmacological inhibition of the NMDAR subunits. These observations support the possibility that a fraction of synaptic NMDARs could be GluN2A-GluN2B heterotrimeric at both synapses as recently evidenced notably in the hippocampus (20, 23, 43, 44) . Because, those assemblies are expected to be equally affected by both enzymatic and pharmacological approaches, more adequate tools are yet needed to evaluate the regulation of these heterotrimeric receptors by specific coagonist.
Alternatively, the preference for one coagonist could be related to its confined metabolism within defined hippocampal area. However, glycine is essential for all vital functions and its metabolism has to be maintained throughout the life span. Conversely, D-serine is not an essential amino acid sensu stricto for metabolic and basic cellular functions. Then, it seems more conceivable that small alterations in the expression of the two enzymes involved in D-serine metabolism could affect its local concentration and thus synaptic activity. In line with this idea, the developmental switch from GluN2B-to GluN2A-NMDARs at SC-CA1 synapses could be regulated by the replacement of glycine by D-serine used as the endogenous coagonist. However, this notion is difficult to reconcile with the findings that D-serine is already present in the brain early after birth (28, 29, 45-47 ). Additionally, we now report that its metabolic pathway is not subjected to dramatic regulation during postnatal development of hippocampus, although we observed a trend for an increase in SR expression in striking contrast with the retina (48), the cerebral cortex (49) , or the vestibular nuclei (28) . In concord with our observations, the SR −/− mice show only partial deficits in cognitive functions but have normal growth and do not show any evident cytoarchitecture abnormality, although the dendritic spine density is altered (19) . Still, D-serine levels are developmentally regulated reaching gradually the adult levels during the first 2-3 wk (ref. 49 and herein), supporting the idea that the coagonist would enter only progressively in synaptic function during the postnatal development of forebrain.
On the other hand, the presence of either D-serine or glycine in the synaptic cleft could influence the synaptic composition of NMDARs. In fact, constitutive hypoactivation of NMDARs in the SR −/− mice increases GluN1 and GluN2A subunits in the postsynaptic density (50) , whereas gain of function of D-serine by shRNA-mediated DAAO knockdown in the cerebellum decreases GluN2A mRNA (51) . On the opposite, overstimulation of NMDARs in GlyT1 +/− mice also leads to elevated protein expression of GluN1 and GluN2A (50) . These changes in the molecular composition of NMDARs could also occur faster under acute presence/absence of D-serine or glycine. Indeed, the coagonist binding can prime the recycling of NMDARs (52) but also impact their lateral trafficking and confines receptors to distinct functional pools (10) . We recently showed that D-serine binding to NMDARs will slow down insertion of GluN2B-NMDARs to the synapse, whereas glycine would strongly inhibit the motility of GluN2A-NMDARs (10) . Future studies will need to explore the relative contribution of D-serine and glycine in the trafficking of NMDAR subunits in physiological conditions to understand whether the GluN2B-GluN2A switch observed at mature synapses and during LTP could be influenced by the coagonists.
Because glycine and D-serine can influence the trafficking and recycling of NMDARs, differences in the processes controlling their synaptic turnover could explain the regional and temporal segregation of coagonists and receptor subunits. D-Serine and glycine synaptic turnover relies on a fine coupling between astrocytes and neurons (33) . D-Serine is most likely released by astrocytes via Ca 2+ -regulated exocytosis (33, 53, 54) , whereas the release of glycine would operate principally through the reversal of GlyT1 (55, 56) . Neurons contribute to release D-serine and glycine by alanine-serine-cysteine transporter-1 (Asc-1) that locally modulates synaptic NMDARs (9) . Unfortunately, we do not know yet how these different neuronal and glial mechanisms may differ or overlap to control the synaptic availability of D-serine and glycine in the CA1 and DG. Nevertheless, the coagonist synaptic turnover would most likely be affected by postnatal development. However, most glial cells in rodents only start to establish appropriate contact with neurons 2-3 wk after birth (57) . Interestingly, this timing coincides with the period at which we report that D-serine enters into play at regulating NMDARs. Glycine levels are mainly regulated by GlyT1 transporters that show highly regulated pattern of expression and activity across development (36) . Thus, low activity of GlyT1 together with weak neuro-glial coupling at synapses during early phase of development would favor predominant glycine availability in synaptic cleft. Accordingly, we demonstrated the role of astrocytes in maintaining a proper synaptic activity during adulthood. In light of our results, we propose that the formation of functional tripartite synapses during the first weeks of postnatal development (57) promotes the progressive activation of the neuro-glial D-serine shuttle (32, 33) supplying the coagonist at synaptic sites while favoring glycine clearance through GlyT1 transporters (36) . This would result in a reduced diffusion and (2), and D-AP5 (3) are illustrated on Top. *P < 0.05, **P < 0.01, and ***P < 0.001 using Student t test. All values represent the mean ± SEM.
retention of GluN2B-NMDARs in the synaptic environment, leading to their replacement by GluN2A-NMDARs. Accordingly, we propose that glycine would be a better coagonist of immature and developing synapses, whereas D-serine function would be an index of more mature synapses. This scenario perfectly fits with the fact that the DG is one of the few brain regions exhibiting adult neurogenesis where newborn neurons are integrated into neuronal circuits (58) . The DG where glycine is favored as a coagonist is somewhat a more immature structure even at adulthood compared with the CA1 area where D-serine is preferentially acting, without excluding a function of D-serine in adult neurogenesis as recently reported (58) . What is the physiological outcome of a developmental substitution from glycine to D-serine at SC-CA1 synapses and what is the physiological need for synapse to use preferentially one specific coagonist even within the same cerebral area are two questions that remain to be answered before elaborating new pharmacological strategies aimed at reducing NMDAR-dependent neuronal dysfunction.
Materials and Methods
Further details on materials, electrophysiology, HPLC, and immunostaining analysis can be found in SI Materials and Methods.
Animals. Animals were bred in house in polycarbonate cages and maintained on a 12/12-h light/dark cycle in a temperature (22°C)-and humidity-controlled room. Animals were given access to food and water ad libitum. All experiments were conducted in accordance with European and French directives on animal experimentation and were approved by the INSERM, CNRS, and Aix-Marseille University animal care committees.
Electrophysiology. P9-P23 and 2-to 3-mo-old rats were decapitated under isoflurane anesthesia. The brain was quickly removed from the skull and maintained in ice-cold artificial cerebrospinal fluid (ACSF) oxygenated with 95% (vol/vol) O 2 and 5% CO 2 (pH 7.3-7.4) containing the following (in mM): 123 NaCl, 2. . After incubation, slices recovered at room temperature for at least 30 min and were then transferred in a recording chamber continuously perfused with 28-30°C and oxygenated ACSF at a flow rate of 2 mL/min. fEPSPs were evoked by a 0.033-Hz stimulation through a bipolar stimulating electrode and recorded using a glass pipette (3-5 MΩ) filled with ACSF. NMDA-fEPSPs were isolated in low-Mg 2+ ACSF (0.1-0.2 mM) containing picrotoxin (50 μM) and 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX) (10 μM) to block GABA and AMPA/kainate receptors, respectively. NMDA-fEPSPs at SC-CA1 synapses were recorded in the stratum radiatum in response to the stimulation of the SCs (9, 10). NMDA-fEPSPs in the DG were recorded in the stratum moleculare following stimulation of the mPP fibers (19, 59) . The initial slope of the EPSP rising phase was used to measure the changes in synaptic strength. Recordings were obtained using an Axon Multiclamp 700B amplifier (Molecular Devices), sampled at 20 kHz, filtered at 2 kHz, and analyzed using pClamp10 software (Molecular Devices). Average NMDA-fEPSPs traces were obtained from at least 10 min of stable recordings. All graph representations display the fEPSPs slope (in millivolts per millisecond)/PFV (in millivolts per millisecond), which is the index of synaptic efficiency.
HPLC Analysis. Coronal hippocampal slices (500 μm thick) from neonates (P9-P10; n = 4) and 3-mo-old rats (n = 4) were prepared as previously described for electrophysiological recordings. Individual slices were then placed inside a dish containing oxygenated ACSF where CA1 and DG areas were isolated by microdissection using a binocular microscope (Zeiss; Stemi 2000). CA1 and DG subregions from one animal were collected and then treated with 5% (wt/vol) trichloroacetic acid to extract free amino acids before HPLC analysis as previously described (60) .
Western Blot Analysis. Immunoblotting analysis of whole hippocampi, microdissected CA1 and DG areas from neonates (P9-P10; n = 6) and adult (P60-P90; n = 7-9) rats was performed as described previously (7) . Briefly, whole hippocampi, CA1 and DG areas were sonicated in ice-cold lysis buffer and centrifuged 10 min at 1,500 × g to remove the crude nuclear pellet. Protein extracts (30 μg per lane) were subjected to electrophoresis [8% or 10% (vol/vol) SDS-polyacrylamide gel] and electroblotted onto nitrocellulose membranes (0.2 μm; Pall Life Science). Immunodetection was accomplished by enhanced chemiluminescence (ECL) using the ECL Prime Western Blotting Detection Reagent (Amersham Biosciences). Molecular sizes were estimated by separating prestained molecular weight markers (10.5-175 kDa) in parallel (Nippon Genetics). Primary and secondary antibodies and their dilutions are listed in Table S1 . Digital images of the chemiluminescent blots were captured using the GBOX system (Syngene) with the GeneSys image acquisition software. Intensity of chemiluminescent signals of the targeted protein was quantified using the gel analysis tools of ImageJ 1.47V software (National Institutes of Health).
Statistical Analysis. Data were collected and analyzed using GraphPad Prism 4.0 software for statistical analysis. All values represent mean ± SEM. Immunoblot and HPLC results were analyzed using one-way ANOVA followed by Student-Newman-Keuls multiple-comparison test for significant F values. Analysis of electrophysiological results was performed using two-way ANOVA followed by Bonferroni post hoc test (for input-output curves) and Student t test. Significance was assessed at P < 0.05. Symbols used are as follows: *P < 0.05, **P < 0.01, and ***P < 0.001.
